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• Motivation for these measurements

• Details of

•            transverse momentum and 

•  Angular coefficients Ai

• Whats next?
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• Probes perturbative QCD

• Non perturbative effects / soft gluon resummation

• Parton shower effects

• Behavior of different MC modeling approaches

Motivation
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13.04.16 3 

Theoretical motivation 

	
		

DIS2016, DESY, Hamburg 

dσ
dpT

Z dyZ dmZd cosθ dφ
=
3
16π

dσ U+L

dpT
Z dyZdmZ

1+ cos2θ( )+ 12 A0 1−3cos
2θ( )+ A1 sin2θ cosφ

⎧
⎨
⎩

+
1
2
A2 sin

2θ cos2φ + A3 sinθ cosφ + A4 cosθ

+ A5 sin
2θ sin2φ + A6 sin2θ sinφ + A7 sinθ sinφ}

Differential cross-section has a general form for at all orders of  QCD as a function of y, 
m and pT of Z-boson in rest frame and θ,ϕ of leptons: 

o  probe perturbative QCD (pQCD) 
o  test QCD predictions in all orders of αs complimented with Parton Showers(PS)  
o  non-perturbative effects 
o  soft-gluon resummation and hard jet emission  

l+ 

l+ 

l+ 

l+ 

l+ 

l- 
l- 

l- l- 

pT(ll) ~ 0 pT(ll) > 0 
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 Valid to all orders in QCD• Full event kinematics parametrized 
by 8 angular coefficients, dependent 
on pT, Y, Mll

•  Test QCD predictions to all orders 
of αs

• Includes Spin-correlations of all 
particles

• Sensitive to various SM 
parameters



Measurement of the Transverse 
Momentum pT
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Measurement of      and 
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• Data collected during 2012
• √s = 8 TeV, 20.3 fb-1 

• ee and µµ channel

• Fiducial Volume

•MC signal:
• POWHEG+PYTHIA

• Backgrounds:
• EW & ttbar from MC
• QCD multijet: data-driven

pT > 20GeV
|⌘| < 2.4
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Measurement of      and �⇤
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Comparison to QCD predictions  

DIS2016, DESY, Hamburg 

•  Scale on x-axis  are aligned according 
to the approximate relationship  

 
 
     Finer binning in ϕ* while maintaining 
     smaller systematic uncertainties 
 
•  low ϕ* and pll

T – non-perturbative 
effect and soft-gluon resummation 
dominate, the prediction from ResBos 
are consistent with data  

 
•  high values of  ϕ* and pll

T – more 
sensitive to the emission of hard 
partons, the predictions from ResBos 
are not consistent with data  

	

2mzφη
* ≈ pT

ll

φη
* = tan(π −Δφ

2
) ⋅sin(θη

*)

θη
* = arccos(tanh(η

− −η+

2
))

azimuthal angle between 
the two leptons  

• Depends only on measured angles 

• Better resolution compared to 
momentum measurements

• In particular for low pT values

• 

• x-axes in Plots are aligned

p
2mZ�

⇤
⌘ ⇡ pllT
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Measurement of      and �⇤
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ATLAS -1 = 8 TeV, 20.3 fbs • Low range dominated by:

• Non perturbative effects 
• Soft gluon resummation

• ResBos predictions agree with data

• High range dominated by:

• Emission of hard partons

• ResBos predictions not consistent 
with data
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• Comparison in 3 regions of mll

• 2 individual Pythia tunes:
• AZNLO done on 7 TeV data at Z-
peak
• AU2

• Significant disagreement between 
simulation & data in peak region

• Also significant disagreement 
between PowHeg and Sherpa 

• Particularly for large φ* values

Comparison to parton-shower Simulations

9
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Electroweak corrections
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• Predictions low by ~15% in all mll bins

• No significant impact of NLO EWK corrections

Expected due to soft-
gluon emissions



Angular Coefficients Ai
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A bit of Theory
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Differential cross section for 
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1. Introduction56

The angular distributions of charged lepton pairs produced in hadron-hadron collisions via the Drell-Yan57

neutral current process provide a portal to precise measurements of the production dynamics through58

spin correlation e�ects between the initial-state partons and the final-state leptons mediated by a spin-59

1 intermediate state, predominantly the Z-boson. In the Z-boson rest frame, a plane spanned by the60

directions of the incoming protons can be defined, e.g. using the Collins-Soper (CS) reference frame [1].61

This provides a reference for the lepton polar and azimuthal angular variables, denoted as cos ✓ and �62

in the following formalism. The spin correlations are described by a set of nine helicity density matrix63

elements, which can be calculated within the context of the parton model using perturbative quantum64

chromodynamics (QCD). The theoretical formalism is elaborated in Refs. [2–5].65

The full five-dimensional di�erential cross-section describing the kinematics of the two Born-level leptons66

from the Z-boson decay can be decomposed as a sum of nine harmonic polynomials, which depend67

on cos ✓ and �, multiplied by corresponding helicity cross-sections that depend on the Z-boson transverse68

momentum (pZ
T ), rapidity (yZ ), and invariant mass (mZ ). It is a standard convention to factorise out69

the unpolarised cross-section, denoted in the literature as �U+L , and to present the five-dimensional70

di�erential cross-section as an expansion into nine harmonic polynomials Pi (cos ✓, �) and dimensionless71

angular coe�cients A0�7(pZ
T , y

Z,mZ ), which represent ratios of helicity cross-sections with respect to the72

unpolarised one, �U+L , as explained in detail in Appendix A:73

d�
dpZ

T dyZ dmZ d cos ✓ d�
=

3
16⇡

d�U+L

dpZ
T dyZ dmZ

⇢
(1 + cos2 ✓) +

1
2

A0(1 � 3 cos2 ✓) + A1 sin 2✓ cos � (1)

+
1
2

A2 sin2 ✓ cos 2� + A3 sin ✓ cos � + A4 cos ✓

+A5 sin2 ✓ sin 2� + A6 sin 2✓ sin � + A7 sin ✓ sin �
�
.

The dependence of the di�erential cross-section on cos ✓ and � is thus completely manifest analytically.74

In contrast, the dependence on pZ
T , yZ , and mZ is entirely contained in the Ai coe�cients and �U+L .75

Therefore, all hadronic dynamics from the production mechanism are described implicitly within the76

structure of the Ai coe�cients, and are factorised from the decay kinematics in the Z-boson rest frame.77

This allows the measurement precision to be essentially insensitive to all uncertainties on QCD, quantum78

electrodynamics (QED), and electroweak (EW) e�ects related to Z-boson production and decay. In79

particular, EW corrections that couple the initial-state quarks to the final-state leptons have a negligible80

impact (below 0.05%) at the Z-boson pole. This has been shown for the LEP precision measurements [6,81

7], when calculating the interference between initial-state and final-state QED radiation.82

When integrating over cos ✓ or �, the information about the A1 and A6 coe�cients is lost, so both angles83

must be explicitly used to extract the full set of eight coe�cients. Integrating Eq. 1 over cos ✓ yields:84

d�
dpZ

T dyZ dmZ d�
=

1
2⇡

d�U+L

dpZ
T dyZ dmZ

(
1 + 1

4
A2 cos 2� + 3⇡

16
A3 cos � + 1

2
A5 sin 2� + 3⇡

16
A7 sin �

)
,

(2)
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Angular distributions parametrized by coefficients Ai 
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Angles in Collins-Soper Frame:

• Rest frame of di-lepton system

• z-axis bisecting directions of 
incoming proton momenta

• Direction of z-axis defined by 
longitudinal boost of di-lepton 
system
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A bit of Theory
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•  Ai are the ratios of the helicity cross-sections for Z/γ* relative to 
unpolarized productions 

•  Ai can be extracted from generated MC events: 

DIS2016, DESY, Hamburg 

P cosθ,φ( ) =
P(cosθ,φ)dσ (cosθ,φ)dcosθ dφ∫

dσ (cosθ,φ)dcosθ dφ∫
<
1
2
(1−3cos2θ )>= 3

20
(A0 −

2
3
)

< sin2θ cosφ >= 1
5
A1

< sin2θ cos2φ >= 1
10

A2

< sinθ cosφ >= 1
4
A3

< cosθ >= 1
4
A4

< sin2θ sin2φ >= 1
5
A5

< sin2θ sinφ >= 1
5
A6

< sinθ sinφ >= 1
4
A7

Theoretical prediction: Ai measurements 
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longitudinal polarization

product of v-a couplings, sensitive to Weinberg angle

interference term: 
longitudinal / transverse

transverse polarization

Predicted to be 0 @ NLO

Non zero contributions @ NNLO for large pT(Z)

Orthogonal polynomials used to 
parametrize angular distribution: Ai are neither input to theory 

calculations, nor simulations! 

8/3 * forward backward asymmetry AFB, sensitive to Weinberg angle
non-zero already at LO qq̄ ! Z/�⇤ ! l+l�

normalization of unpolarized cross section, also applied to all other P
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• A0-A2: Sensitive to the Spin of the Gluon 
(Lam-Tung relation)

• exactly 0 @ NLO
• A2 changed 10% @ NNLO

Impact of higher order QCD corrections

14
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• Only small impact in A1,3,4 

• No sensitivity with current measurement

Impact of higher order QCD corrections
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• Data collected during 2012
• √s = 8 TeV, 20.3 fb-1

• Measurement performed in 3 
independent channels:

• Muons
• Electrons: central central
• Electrons: central-forward

• Fiducial Volume:
• CC & µµ:

• CF:

• OS di-leptons

• Backgrounds: 
• EW & ttbar from simulation
• QCD multi-jet: data driven

• Signal simulation: 
•POWHEG + Pythia

The Measurement - Lepton Selection

16
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• Angular distributions sculpted by fiducial 
acceptance

• Polynomials are „folded“ into reconstruction space
• Simulation used to model acceptance, 
efficiencies & resolution
• 3D folding in cosθ,φ, pllT

• Folded polynomials (templates) fitted to measured 
angular distributions

• Angular coefficients Ai normalize the templates 
relative to each other
• Ai extracted from fit

• Overall normalization done in pT(Z)

• Fit implemented as maximum likelihood fit

• Nuisance parameter for each systematic 
uncertainty incorporated
• Background templates included

Analysis strategy
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• Breakdown of systematic 
uncertainties

A glance at Uncertainties
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• Total uncertainties
• Very similar shape for all Ai
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• Electron and Muon channels give 
consistent results

• Similar for all Ai

• Regularization:
• Smooth fluctuations in results & 
uncertainties
• Increase correlation between bins

Measurement Results - Compatibility ee / µµ
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• A0 well described by 
fixed order calculations

• A2 predicted too high 
for large pZT 

‣ A0 - A2 predictions 
also off w.r.t. 
measurement

‣ Impact of higher 
order effects not 
covered in simulation

Measurement Results
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• A3,4 well described 
by fixed order 
simulations

• Those are sensitive 
to the Weinberg angle

Measurement Results
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• Equal to 0 @ NLO

• Higher order effects 
become visible

• Small discrepancy 
between measurement 
and simulation:

• Limitations of 
current simulations

Measurement Results
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Comparison of various Generators
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• Sherpa & 
PowHegBox show 
statistical unc. only! 

• Significant 
differences between 
simulations

• DYNNLO gives best 
description of 
measured A0

• No generator 
describes A0-A2
• (Best: Sherpa 2.1)

• Improvement from 
Sherpa 1.4 to 2.1
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• Measurement of pllT & φ*:

• ResBos models low φ* region well

• ~10% discrepancy between simulation and measurement at Z-peak region

• Higher order EW correction are sub-leading effects at current precision

 
• Measurement of the angular coefficients in Z-Boson decays:

• Significant discrepancy between all studied simulations and the measured 
coefficient A2 

• Only DYNNLO in agreement with other measured coefficients

• Ai  very sensitive probe to spin correlations in simulation process

• Measurement could be used to extract SM parameters, e.g. the Weinberg angle

Conclusions & Outlook
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• Folding of phi projected polynomials

Backup slides
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